When grown aerobically, SalmoneUla typhimurium exhibits a low level of entry into tissue culture cells. We have isolated an S. typhimurium TnlO mutant which, when grown under aerobic conditions, efficiently invades HEp-2 cells. Sequencing of S. typhimurium DNA adjacent to the site of the TnlO element showed that the insertion disrupted transcription of the aspartate receptor gene, tar. Polar effects of the transposon on downstream genes also eliminated chemotaxis. Isogenic nonchemotactic (Che-), as well as nonmotile (Mot-) and nonflagellated (Fla-), S. typhimurium strains were examined for their ability to invade HEp-2 cells. "Smooth" swimming Che-mutants (cheA, cheW, cheR, and cheY) were found to possess increased invasiveness for cultured mammalian cells. In contrast, a "tumbly" cheB mutant and Mot-(flagellated) strain were found to have decreased levels of tissue culture invasiveness. A Fla-strain was found to be as invasive as the wild-type strain if centrifugation was used to facilitate contact with the monolayer surface. In addition, the observed hyperinvasiveness of the smooth swimming tar::TnlO mutant was suppressed when the strain was paralyzed by the introduction of a mot orfla mutation. A murine infection model was used to demonstrate that the mutant invasive phenotypes were also observed in vivo. These data are most consistent with the idea that the rotation and physical orientation of flagella around the bacteria affect the ability of salmonellae to enter host cells.
Pathogenic bacteria have evolved specific strategies for entry into and survival and multiplication within a host. Salmonella infection is initiated when bacteria enter a host in contaminated food or water. Following passage through the stomach, the organisms move into the gastrointestinal tract of the host. Upon reaching the distal ileum, salmonellae attach to and pass through intestinal epithelial cells, primarily the specialized M cells of the Peyer's patches (6, 18, 24) . Following passage through the intestinal epithelium, salmonellae enter the underlying lymphatic system, where it is believed that they invade circulating cells, allowing them to disseminate to the lymph nodes, spleen, liver, and blood (8, 19) .
Successful infection by salmonellae requires the coordinated action of numerous determinants. Lipopolysaccharide and other components of the cell envelope contribute to the organism's ability to survive the hostile environment of the host by preventing the deposition of complement on the bacterial surface, thus blocking phagocytosis and destruction by macrophages (31) . Motility seems to increase the probability that bacteria will reach suitable sites for invasion (21, 30, 37) . Environmentally regulated genes synthesize proteins which mediate attachment and invasion, allowing the bacteria to penetrate the intestinal epithelium and reach the underlying lymphatic system (11, 12, 15, 26) . Numerous genes are required for intracellular survival of the bacteria within the lymphatic system (3, 13) , including plasmidencoded factors which are essential for bacterial growth in the spleen and liver (17, 20) .
Efforts in this laboratory and others have concentrated on understanding the mechanism of bacterial invasion. Studies of bacterial invasion have been facilitated by in vitro mammalian tissue culture assays (16, 21, 23, 28, 36) . Recently, it was shown that the ability of salmonellae to invade tissue * Corresponding author. culture cells in vitro was modulated by the oxygen concentration in the bacterial growth medium (12, 26, 35) . A low level of oxygen in the growth environment appears to serve as a regulatory signal which activates genes necessary for Salmonella invasion. Three classes of mutants which display an increased ability to invade tissue culture cells when grown in aerobic culture have been isolated (27) . This paper reports the investigation of one class of these mutants, in which the chemotaxis sensory apparatus is affected.
MATERUILS AND METHODS
Bacterial strains. All strains used in this study are listed in Table 1 along with their sources and relevant genotypes.
Mutagenesis and analysis of hyperinvasive isolates. S. typhimurium SL1344 was mutagenized with TnlO by using a phage lysate from strain DB5204 (9) as described previously (27) . The TnlO insertion conferring hyperinvasiveness was reconstructed in S. typhimurium SL1344 by P22-mediated transduction and selection for tetracycline resistance (Tetr). The hyperinvasive phenotype cotransduced with the antibiotic resistance.
Transductions and construction of strains. P22HT Inttransducing lysates were prepared from strains as previously described (9 Bacterial motility was checked on semisolid motility agar (7) . Tryptone swarm plates were used to check the chemotactic phenotype of strains (10) .
Invasion assay. HEp-2 cells (32) , grown in RPMI 1640 (Whittaker Bioproducts, Inc., Walkersville, Md.) medium with 5% fetal calf serum (GIBCO) and glutamic acid and without antibiotics, were used for all invasion assays. The day before an invasion assay, a confluent flask of HEp-2 cells grown in RPMI 1640 was harvested and the cells were enumerated. Monolayers were prepared by seeding 105 cells per well in a 24-multiwell tissue culture plate. Duplicate wells were prepared for each sample to be tested. Bacteria, grown as described above, were added to the monolayer at an inoculum of _-107 CFU. To standardize the assay for motile and nonmotile bacteria, the tissue culture plates containing the inoculated monolayers were centrifuged at 1,000 rpm for 10 min in a Beckman TJ-6 benchtop centrifuge adapted with tissue culture plate holders. Following centrifugation, the bacterial inoculum was immediately removed by aspiration and the monolayers were washed three times with phosphate-buffered saline (PBS) and then covered with 1 ml of fresh medium supplemented with 100 ,g of gentamicin per ml to kill extracellular bacteria. After incubation with the antibiotic for 120 min at 37°C in a 5% CO2 incubator, the monolayers were again washed three times with PBS to remove residual gentamicin before the HEp-2 cells were lysed with 100 ,ul of 1% Triton X-100 for 10 min to release the intracellular bacteria. The Triton X-100 was then diluted with 400 pl of LB broth, and the bacterial solution was vigorously homogenized by being mixed up and down in a pipette. Quantitation of the gentamicin-resistant bacteria was accomplished by plating dilutions of the suspension on LB agar medium.
Murine ligated-loop invasion assay. The ability of SL1344 and various mutants to invade intestinal epithelial cells was measured by using an intestinal ligated-loop procedure (24) . Six-to eight-week-old female BALB/c mice were used in all experiments. Prior to each experiment mice were fasted for 18 h to clear the contents of the small bowel. To initiate the experiment, each mouse was anesthetized intraperitoneally with 2 mg of pentobarbital per animal. When the mouse reached the third (deep) plane of the surgical stage of anesthesia, a small incision approximately 2 cm in length was made in the abdomen and the portion of the bowel to be ligated was exposed. The intestine was ligated with silk sutures both at the ileocecal junction and approximately 4 cm proximal to the ileocecal junction. A mixed inoculum of SL1344 (streptomycin resistant) and the mutant (tetracycline resistant) to be tested was used to infect each mouse. Inoculum of -5 x 106 CFU in 200 p1 of LB broth was injected into the ligated intestinal loop. Following inoculation, the exposed section of bowel was returned to the abdomen and the incision was closed. The bacteria were allowed to interact with the intestinal tissue for 1.5 h; the mouse was then sacrificed, and the Peyer's patches were excised from the animal. After excision of the Peyer's patches from each loop (two to four patches per loop), the tissue was pooled in 100 pl of tissue culture medium and incubated in the presence of 100 ,ug of gentamicin per ml for 60 min to kill extracellular bacteria. Following incubation with the gentamicin, the tissue was homogenized with a rubber syringe plunger and lysed with 100 p.l of 1% Triton X-100 for 10 min to release intracellular bacteria. The lysed cells were diluted in 400 p±l of LB broth, and dilutions were plated both on LB agar with streptomycin and LB agar with tetracycline to enumerate SL1344 and the mutant strain, respectively. smooth swimming motion. The chemotactic defect in the noninvasive cheB strain causes the flagellar motor to constitutively spin clockwise. When the motor spins clockwise, the propulsive flagellar bundle flies apart because of structural properties of the individual filaments. As the fibers separate from the bundle and move individually, the bacterium tumbles end over end.
RESULTS
Effect of paralysis on hyperinvasiveness. The correlation between mutant swimming behavior and variations of invasiveness suggested that some aspect of motility was responsible for the mutant invasion phenotypes. We determined the contribution of flagella to the increased invasiveness of a smooth swimming Che-strain by constructing Che-Motand Che-Fla-double mutants and comparing their invasiveness to that of the wild type as well as to that of strains which were singly Che-, Mot-, or Fla-. As shown in Table  3 , the invasiveness of the Che-strain EE181 dropped to wild-type levels when a fla mutation was introduced. Strain X3420, which carries the samefla mutation, had an invasion phenotype identical to that of the Che-Fla-strain. The invasiveness of EE181 was reduced 300-fold, following aerobic growth, by introduction of a mot mutation. We also observed that the mot strains, Che+ or Che-, were 25-fold less invasive than the parental strain.
Effect of mutations on invasion of murine ligated loops. To determine whether the invasive phenotypes displayed by the Che-, Mot-, and Fla-S. typhimurium mutants in vitro were also observed in vivo, we compared the ability of each mutant to enter the Peyer's patches of a ligated loop with that of the parent strain, SL1344. As shown in Table 4 , the ability of the Che-strains to enter Peyer's patches closely paralleled their ability to enter tissue culture cells. The cheA mutant was three times more efficient at entering Peyer's patches than was SL1344, while the cheB mutant was 2.5 times less efficient. In addition, the ability of the Mot-strain to enter Peyer's patches was reduced 10-fold compared with that of SL1344, while the Fla-mutant and SL1344 had similar invasion abilities.
DISCUSSION
A strategy devised to obtain S. typhimurium mutants with an increased ability to invade tissue culture cells when grown aerobically produced mutants which were defective in the chemotactic response. Chemotaxis is a highly developed system which allows bacteria to sense the environment and modulate movement in response to environmental information. Molecular characterization of the hyperinvasive Chestrain EE181 did not clearly determine the effect of the transposon on the chemotaxis system since both the sensory and modulatory components had been affected by the insertion of the polar Tn1O. However, subsequent work revealed that defects in modulatory genes of the chemotaxis response (cheA, cheR, cheW, and cheY) were responsible for the hyperinvasiveness of mutant EE181. Each of these Chestrains is biased toward smooth swimming instead of employing the usual combination of smooth runs and short tumbles observed for wild-type strains. The cheB mutant which tumbles was noninvasive, despite the fact that the bacteria were centrifuged onto the tissue culture monolayer to promote cellular contact. To determine whether smooth swimming itself was conferring hyperinvasiveness, we measured the ability of a tar-181::TnlO strain to enter cultured cells after paralysis with a mot mutation. The paralyzed strain had indeed lost the ability to enter tissue culture cells at elevated levels. In fact, the invasiveness was reduced significantly below that of the wild type. We found that the reduced invasiveness of mot strains was not due to their nonmotility per se since strain X3420, which is nonmotile because it lacks flagella, was able to enter tissue culture cells at the same level as the parent strain, SL1344.
To determine the relevance of our findings to infection, we used a murine ligated-loop model to compare the ability of mixed inocula of SL1344 and the various chemotaxis and motility mutants to invade Peyer's patches. With the invasiveness of SL1344 taken as normal, the smooth swimming Che-mutant was hyperinvasive for Peyer's patches while a tumbly Che-mutant and a Mot-mutant were reduced in their ability to enter the same tissue. Thus, the che, mot, and fla mutations affecting invasion in vitro also seem to affect the ability of salmonellae to initiate disease in vivo. These results indicate that our findings are not artifacts of the in vitro invasion system. This work presents data which clearly show that mutations which disrupt the normal functioning of chemotaxis and flagella alter the invasive phenotype of S. typhimurium. The observation that smooth and tumbly swimming Chestrains are either hyperinvasive or noninvasive, respectively, suggests that the regulatory system of chemotaxis and the regulation of Salmonella invasion might overlap. During chemotaxis bacteria move in response to signals generated by receptors which sense environmental conditions. One way that invasion and chemotaxis could be linked is if a regulatory component of the invasion pathway was able to recognize and respond to the signals generated by the chemotaxis receptors. However, results from experiments that tested the invasiveness of Che-Mot-and Che-Flastrains indicate that the ability of each double mutant to enter eukaryotic cells was reduced to the same level as that observed for either the Mot-or Fla-parent. These results mean that if che mutations are causing changes in the regulation of invasion, then the mot and fla genes must also be in the same pathway. Thus far, we have no evidence to suggest that chemotaxis and invasion share a common element in their regulatory pathways.
Alternatively, the results might be explained if the orientation of flagellar filaments around S. typhimurium influences the invasion process. A model, depicted in Fig. 1 , suggests how smooth swimming Che-strains could be more invasive than wild-type salmonellae while tumbly swimming Chestrains and Mot-strains would be less invasive. As previously mentioned, during smooth swimming the flagella operate as a single concerted bundle to propel the bacterium forward. From an invasion standpoint, the formation of the flagellar bundle frees the majority of the bacterial surface from steric constraints which might occur when the flagellar filaments are randomly oriented. This might allow bacterium-cell surface interactions leading to cellular entry to occur at a high frequency, resulting in an elevated level of invasiveness. Clockwise spinning of the motor has the opposite effect on the physical distribution of the flagella. As the motors of the individual filaments spin clockwise the propulsive bundle flies apart because of inherent characteristics of the flagella, causing the bacterium to tumble end over end. In this state, we postulate that randomly moving flagella, or immobile flagella in the case of a Mot-strain, become a barrier to the extracellular interactions which lead to invasion. As a result, tumbly Che-and Mot-strains would virtually never be able to initiate interactions which would allow them to enter a host cell. In addition, this model would explain why a Fla-mutant is more efficient at entering cells than a Mot-strain. The complete absence of interference from moving flagella allows the invasion proteins on the surface of Fla-strains to initiate effective interactions with the mammalian cells. This model would predict that the majority of cellular invasion during a Salmonella infection occurs during smooth swimming periods, with very little entry during the tumbly periods of swimming.
Our finding that motility and chemotaxis play a role in invasion, and perhaps indirectly in virulence, is not surprising. The contribution of active flagella to the in vitro invasiveness of S. typhimunium has been reported by other laboratories (14, 21, 22, 29, 37) . Khoramian et al. examined the effect of Che-and Fla-mutations on the invasiveness of S. typhimurium (22) . This group was the first to demonstrate that S. typhimunum smooth swimming Che-mutants were more invasive than the wild type. In addition, Fla-, Mot-, and Che-strains which tumbled were found to be less invasive, although the invasiveness of these strains was not compared in the centrifugation-assisted invasion assay. Another group has reported that the invasiveness of nonflagellated derivatives of virulent S. typhimurium isolates was significantly decreased compared with that of the parent strains (21) . Tomita and Kanegasaki (37) found that a nonmotile, flagellated S. typhimunium mutant had a reduced capacity to enter macrophages. However, both of these groups were able to demonstrate that the invasiveness of their nonmotile strains was greatly enhanced by the addition of a centrifugation step to their invasion assay. Liu et al. demonstrated that S. typhi TnS mutants which were Fla-, Mot-, or Che-became noninvasive (29) . However, centrifugation of these noninvasive mutants onto the tissue culture monolayer did not increase the percentage of bacteria entering the cells. Thus, one apparent function of active flagella in the tissue culture invasion assay is the transport of bacteria to the apical surface of the cells, where they can begin to attach and enter. The requirement for active bacterial motility to reach the cell surface may also explain why we found that Fla-bacteria were not hyperinvasive. Centrifugation of Fla-S. typhimurium seems to partially compensate for their nonmotility, while no increase in invasiveness is observed for S. typhi Fla-, Mot-, or Che-following centrifugation.
The contribution of flagella to in vivo virulence has been more controversial. Two studies of the role of flagella in murine typhoid fever found that flagella, whether paralyzed or active, were necessary for S. typhimurium invasion of and survival within the reticuloendothelial system (5, 38 (4) . The revelation that the gene responsible for the loss of virulence was uninvolved in flagellar synthesis left the role of flagella in the disease process unresolved. A recent report reexamined the question of the contribution of flagella to S. typhimunum virulence (30) . S. typhimunum fli and mot strains were constructed by transposon mutagenesis and tested in a mouse model of virulence. A comparison of the virulence of the parent strain with that of the fli and mot derivatives in mice challenged intraperitoneally revealed no difference. When mice were challenged orally the virulence of the parent strain was unaffected by the loss of flagella. mot derivatives of two different Salmonella strains, possessing paralyzed flagella, increased the peroral 50% lethal dose for mice approximately 10-fold.
In conclusion, our experiments show that the ability of S. typhimunium to invade tissue culture cells and murine intestinal tissue is influenced by chemotaxis and motility. One possible interpretation of the data is that chemotaxis and invasion share common regulatory elements. However, we believe that our data are most consistent with the idea that the orientation of flagella around S. typhimurium can interfere with the initiation of bacterium-cell interactions leading to entry. While it is apparent that active flagella facilitate movement towards host cells in vitro, the absence of flagella during infection does not reduce the ability of salmonellae to enter cultured cells or initiate disease by penetration of the Peyer's patches. Furthermore, the presence of inactive flagella seems to attenuate the ability of the organism to interact with the host.
